We study the effects of the complete supersymmetric QCD and electroweak one-loop corrections to the tt forward-backward asymmetry at the Fermilab Tevatron pp collider. We work in the complex Minimal Supersymmetric Standard Model (MSSM), only restricted by the condition of minimal flavor violation (MFV). We perform a comprehensive scan over the relevant parameter space of the complex MFV-MSSM and determine the maximal possible contributions of these MSSM loop corrections to the forward-backward asymmetry in the tt center-of-mass frame.
I. INTRODUCTION
Precision studies of top quark properties at the Fermilab Tevatron pp and CERN LHC pp colliders keep probing the Standard Model (SM) of electroweak (EW) and strong interactions at an increasing level of precision, and may provide a window to new physics. While the total tt cross section and tt invariant mass (M tt ) distribution agree with SM predictions within their respective uncertainties, a measurement of the corrected (parton-level) forward-backward asymmetry in top-pair production, A tt FB , by the CDF [1] [2] [3] and D0 [4, 5] collaborations at the Tevatron A tt FB (CDF [3]) = 20 ± 7 stat ± 2 syst % A tt FB (D0 [5] ) = 19.6 ± 6.5% (1) differs by about 2σ [3, 5] from the SM QCD prediction. The difference between measurement and SM QCD prediction is even more pronounced, i. e. at the 3σ level, in the region M tt > 450 GeV, where a measurement of A tt FB yields [2] :
A tt FB (CDF, M tt > 450 GeV) = 47.5 ± 11.4%
The forward-backward asymmetry in the tt center-of-mass (CM) frame is defined as:
where ∆y = y t − yt denotes the difference in rapidity of the top and anti-top quark, and SM predictions including higher-order QCD and EW corrections are provided in Refs. [6] [7] [8] [9] [10] [11] [12] [13] and Refs. [12] [13] [14] , respectively. The interpretation of the observed discrepancy requires a solid understanding of the theory predictions, i. e. control of the theoretical uncertainties. Recent updated calculations and studies of theoretical uncertainties at next-to-leading order (NLO) and next-to-next-to-leading-logarithmic order (NNLL) in QCD [11, 15] and at NLO EW+QCD [12, 13] find that the discrepancy is reduced compared to NLO QCD predictions, but still persists for the measurement at large M tt . For instance, including the EW contributions to O(α 2 ) and O(αα 2 s ) to A tt FB results in a combined NLO QCD+EW prediction of [12] (including the factorization/renormalization scale uncertainty and using MRST2004QED) 
and when including NNLL QCD contributions A tt FB is predicted as [11] (including the factorization/renormalization scale uncertainty and using MSTW2008): 
However, since the first non-vanishing contribution to A tt FB is of NLO in QCD in the tt production cross section, a conclusive answer concerning the theoretical uncertainty will only be possible once a calculation of the complete NNLO QCD corrections to tt production becomes available. Nevertheless, it is interesting to study the possibility that the observed discrepancy could be interpreted as a signal of new physics. Possible SM extensions which may give rise to large contributions to A tt FB have been explored extensively in the literature and some recent examples can be found in Refs. [16] [17] [18] [19] . In this paper, we consider the one-loop O(α s ) SUSY QCD and O(α) SUSY EW corrections to the strong partonic tt production process,→ tt, and study their impact on A tt FB at the Tevatron. We work in the complex Minimal Supersymmetric SM (MSSM) [20, 21] and assume it to only be restricted by the condition of minimal flavor violation (MFV) [22, 23] . The other possible partonic process at leading-order (LO) QCD, gg → tt, is symmetric in the production rates for top quarks in the forward and backward hemisphere, and thus only enters the total cross section in the denominator of A tt FB . After a consistent perturbative expansion of A tt FB in α s and α, the MSSM one-loop contribution to A tt FB calculated in this paper can then be written as follows (the dependence on α s and α is explicitly shown): tt denotes the total tt production cross section at LO QCD and δ σ SQCD,SEW tt denote the SUSY QCD and SUSY EW one-loop contributions, respectively. The SUSY QCD and SUSY EW oneloop corrections to (unpolarized) tt production in hadronic collisions have been studied in Refs. [24] [25] [26] [27] [28] [29] [30] [31] and Refs. [31] [32] [33] [34] [35] , respectively. They are known to only modestly impact the total tt production cross section and invariant tt mass distribution, and thus, at the presently available precision, do not spoil the good agreement between theory and experiment for those observables, at least for sparticle masses of O(100) GeV (and larger) and mg > ∼ 230 GeV [30] . In this paper, we will derive general bounds on A tt FB , i. e. we work within the MFV-MSSM and scan over a large range of values for the relevant MSSM input parameters, without imposing additional constraints. In particular, these bounds do not rely, for instance, on specific SUSY breaking scenarios or an artificially reduced parameter space such as the constrained MSSM (CMSSM). As will be discussed as well, the impact of any specific assumption, e. g., mass limits derived from LHC squark and gluino searches, on the bounds on A tt FB can then be readily deduced from these general results. The paper is organized as follows. After presenting the calculation of the MSSM one-loop corrections that contribute to the forward-backward asymmetry in Section II, we derive analytic expressions for bounds on A tt FB induced by SUSY QCD one-loop corrections in Section II A and discuss the structure of the SUSY EW one-loop corrections to A tt FB in more detail in Section II B. In Section III, we present numerical results for the forward-backward asymmetry. In Section III A, we determine general bounds on A tt FB based on the analytic expressions derived in Section II A. In Section III B, we present a comprehensive scan over the relevant complex MFV-MSSM parameter space. We conclude in Section IV and provide explicit expressions for the relevant MSSM couplings and one-loop corrections in the appendix. In the MSSM the additional one-loop contributions to the top forward-backward asymmetry, i. e. A tt FB of Eq. (6), originate from box diagrams involving squarks, gluinos and neutralinos inside the loops. The generic diagrams are shown in Fig. 1 . The external momenta are denoted by p 1 , . . ., p 4 and m 1 , . . . , m 4 are the masses of the internal particles. The gluinosquark-quark and neutralino-squark-quark vertices are represented by Γ n (n = 1, . . . , 4), which we decompose, excluding a possible color factor, in the following way:
II. MSSM ONE-LOOP CONTRIBUTIONS TO
The full gluino-squark-quark vertex also includes color matrices Γ c n = T c · Γ n with T c = λ c /2 and λ c the Gell-Mann matrices. The internal masses m n and the generic couplings g ± n depend on the particles that are assigned to the internal lines. Explicit expressions for g ± n for gluino-squark-quark and neutralino-squark-quark couplings are provided in Section V A and Section V B, respectively. For each assignment of internal particles to the direct box (Fig. 1a) , we get a corresponding contribution from the crossed box (Fig. 1b) with identical values of the internal masses m n and the coupling parameters g ± n . The vertices Γ n (n = 3, 4) are related to the Γ n by
The amplitudes M (a) and M (b) corresponding to the diagrams in Fig. 1 can be generated using the Feynman rules for fermion number violating interactions of Ref. [36] that have been implemented in FeynArts [37] [38] [39] . They are then calculated with standard trace techniques and a Passarino-Veltman reduction [40] of the loop integrals using FORM [41] . For the direct box diagram we write the partonic differential cross section dσ (a) d cos θ in terms of the interference of M (a) with the LO matrix element M (0) as
with β t = 1 − 4m 2 t s and m t denoting the top quark mass. The sum over the index λ has to be interpreted as (8) (and in the following discussion) it is implicitly understood that one has to sum over all possible assignments of particles to the internal lines. Note that the functions D a (ŝ, cos θ ) do not depend on the generic couplings g ± n . The factor N a is the color factor and contains the factor 1/9 from the color average. The factor 1/4 from the spin average is absorbed into the functions D a (ŝ, cos θ ). The interference of the crossed box (Fig. 1b) with M (0) can also be expressed in terms of the functions D a (ŝ, cos θ ). To see this, we note that the crossed box is obtained from the direct box by interchanging the momenta p 3 and p 4 , reversing the fermion flow on the outgoing legs and replacing Γ 3 and Γ 4 byΓ 3 andΓ 4 , respectively. The interchange of p 3 and p 4 is achieved by replacing cos θ by − cos θ . When calculating the interference with the LO diagram, the appearance of fermion-number violating vertices must be handled correctly, e. g. following the rules in Ref. [36] , and leads to an overall minus sign. The replacements Γ 3 →Γ 3 and Γ 4 →Γ 4 are equivalent to g ± n → g ∓ * n (n = 3, 4). Thus, we obtain
with D a of Eq. (33) . Note that the interference of the crossed box with the LO matrix element M (0) may have a different color factor than the direct box. This factor is denoted by N b . Using Eqs. (8), (10) and dσ = dσ (a) + dσ (b) , the corresponding partonic forward-backward asymmetry can be written in a compact form (σ
tt denotes the partonic LO total tt cross section, including both theand gg-initiated tt production processes)
with the index a defined in Eq. (9),
and
Note that the coupling products G a q may, in general, depend on the initial-state quark flavor q, as indicated by the subscript. The color factors N a,b have been absorbed into the definition of G a q and all the other factors into the definition ofÂ a (ŝ, cos θ ). An additional coupling factor N g has been absorbed inÂ a for convenience so that the coupling products G a q , defined in terms ofĝ ± n of Eqs. (29) and (32), are of O(1).
The hadronic forward-backward asymmetry is then defined by folding with the parton distribution functions (PDF) and by dividing by the total hadronic LO cross section σ
tt , so that A tt FB of Eq. (6) at the Tevatron reads
where we defined for each initial-state quark flavor q
Here √ S = 1.96 TeV is the Tevatron hadronic CM energy. The function f q/p ( fq /p ) is the PDF of the quark(anti-quark) flavor q(q) inside the proton and the functions f q/p and fq /p are the corresponding PDFs for the anti-proton. In Eq. (15) we made use of the fact that at a pp collider the quark(anti-quark) distribution inside the proton coincides with the antiquark(quark) distribution inside the anti-proton. Moreover, when the incoming momenta are interchanged (or x 1 ↔ x 2 ), it corresponds to replacing cos θ with − cos θ . The difference in the PDFs occurs becauseÂ a of Eq. (12) is anti-symmetric in cos θ . In the presence of CP violating phases, the coupling factors G a q of Eq. (13) may have imaginary parts. In this case, the imaginary parts of the A a q may also contribute to A tt FB . With the notations above, we have decomposed the MSSM one-loop contribution to the forward-backward asymmetry, A tt FB of Eq. (6), into loop functions A a q and coupling products G a q . The loop functions only depend on the internal masses in the box diagrams of Fig. 1 while the dependence on the coupling constants is contained in the coupling factors G a q . This separation will prove very useful when we attempt to give bounds on A tt FB in the MSSM that do not rely on specific SUSY breaking scenarios or an artificially reduced parameter space.
A. SUSY QCD One-loop Contributions
When only SUSY QCD one-loop contributions to A tt FB are considered, the Majorana fermions in the box diagrams of Fig case of SUSY QCD, Eq. (16) can be further simplified due to relations among the coupling products G a q and the loop functions A a q . The color factors in Eq. (13) and the coupling factor in Eq. (12) are now
where g s is the strong coupling constant. The internal masses are
where i and j are the sfermion indices of the squark and the stop, respectively. To make the dependence on the sfermion indices explicit we use the notation
Ultimately, we must sum over the sfermion indices i and j. However, since both the internal masses and the couplings may depend on the indices i and j, we postpone that sum until the end of the discussion. Due to m 2 = m 4 , we have the relation
as can be seen from the expressions for D a in Section V C. Using the unitarity of the squark mixing matrices of Eq. (30), we can simplify sums and differences of the coupling products:
Thus, we write for A q of Eq. (16) (again we added the sfermion indices i j)
with
Using the unitarity of the stop mixing matrix U˜t, we find
Note that G (1) j and G (2) q,i j are always real, and one therefore only needs to consider the real part of the functions A a q,i j . Furthermore, the coupling product G
j does not depend on the initial-state quark flavor q. If one assumes that the mixing matrix of the light flavor squarks q is diagonal, as in almost all of the considered parameter space, G (2) q,i j reduces to
and does not depend on the initial-state quark flavor q either. We can thus perform the sum over i, j and q and obtain
Note that A (1) vanishes for degenerate stop masses and A (2) vanishes if the stop or squark masses are degenerate. Upper and lower limits on the SUSY QCD one-loop contribution to A tt FB can now be obtained for given values of the squark masses by exploiting the fact that the limits of G (1) 1 and G (2) 11 are
and thus
B. SUSY EW One-loop Contributions
The SUSY EW one-loop contributions to the forward-backward asymmetry A tt FB of Eq. (14) consists of four diagrams, two direct boxes and two crossed boxes, shown in Fig. 3 . We again start with the generic expression for A tt FB in terms of loop functions and coupling products as given in Eq. (16) . The color factors in Eq. (13) and the coupling factor in Eq. (12) are now
where e is the electromagnetic coupling. The internal masses are 
In case of SUSY EW one-loop corrections, it is quite complicated to analytically derive bounds on the coupling factors G a q,ki j because of the complicated structure of the neutralinosquark-quark couplings (see Eq. (32)). It is even harder then to find reasonable bounds on A tt FB,SEW as we did in the SUSY QCD case. The box diagrams have 16 different squark und neutralino mass combinations where always some cancellation occurs due to the unitarity of the mixing matrices. Therefore, we performed a MSSM parameter scan to extract bounds on A tt FB,SEW as described in Section III B.
III. NUMERICAL RESULTS
For the numerical evaluation of the forward-backward asymmetry A tt FB of Eq. (14), we use the LO PDF set CTEQ6L1 [42] with the renormalization (µ R ) and factorization (µ F ) scales chosen to be equal to the top quark mass, µ R = µ F = m t . The 33), the LoopTools library [43] has been used. The study of the dependence of A tt FB on the MSSM input parameters is simplified by the fact that it is not sensitive to all parameters of the complex MFV-MSSM. First of all, the forward-backward asymmetry can only come from diagrams with up or down quarks in the initial state. For strange, charm and bottom quarks, the PDFs are the same as those of the corresponding anti-quarks so that the difference of PDFs in Eq. (15) is zero. In the MFV-MSSM A tt FB is therefore insensitive to parameters that only affect the masses and couplings of strange, charm and bottom-squarks. Furthermore, the trilinear couplings of up and downsquarks only enter through the squark mass matrices, where they are suppressed by the small up and down-quark Yukawa couplings. Thus, only the following set of MSSM input parameters are relevant to our study:
• the pseudoscalar Higgs mass m A
• the gaugino masses M 1 , M 2 and M 3
• the top-squark trilinear coupling A t
• the soft masses mq L1 and mq L3 of the left-handed first and third generation squarks
• the soft masses mũ R , md R and m˜t R of the right-handed up, down and top squarks Of these parameters, µ, M 1 , M 2 , M 3 and A t can be complex, but one of these phases can be rotated away. We rotate the phase of M 2 away and study the dependence on the remaining complex phases and the absolute values of the above MSSM parameters independently. These input parameters are constrained by direct SUSY searches at LEP, Tevatron and LHC, and indirectly by low-energy precision observables. A review of results from the search for signals of low-energy SUSY at LEP and the Tevatron as well as in precision observables can be found, e. g., in Ref. [44] . Most recently stringent exclusion limits on squark and gluino masses within the CMSSM and Simplified Models have been obtained at the LHC by the CMS [45] [46] [47] and ATLAS [48] [49] [50] [51] collaborations. In Section III B we provide general upper and lower bounds on A tt FB within the complex MFV-MSSM by performing a comprehensive scan over a wide range of values for these input parameters without any additional assumptions. In particular, these general bounds do not rely, for instance, on specific SUSY breaking scenarios or an artificially reduced parameter space such as the CMSSM. The results are presented in such a way that the effect of a change in the sparticle mass limits on the upper and lower bounds on A tt FB can be estimated. In Section III B this is done for the current LHC squark and gluino mass limits. In the next sections we first discuss the main characteristics of the MSSM one-loop corrections to A tt FB and then present results of a comprehensive parameter scan.
A. SUSY QCD and SUSY EW Contributions to the Loop Functions
The main characteristics of the MSSM one-loop corrections to, and of bounds on, A tt FB can be determined by studying the SUSY QCD loop functions A Fig. 4(a) , the largest single contribution to the loop functions comes from A leads to a correspondingly large negative asymmetry. For larger SUSY particle masses M, the resonance region is shifted to larger values of √ŝ and therefore outside the dominant region of the tt cross section. From these results an estimate of the bounds A min,max on A tt FB,SQCD can be obtained using Eqs. (23) and (24) . As noted earlier, A (1) vanishes for degenerate stop masses and A (2) vanishes if the stop or squark masses are degenerate. In general, we found that the SUSY QCD one-loop corrections to the forward-backward asymmetry increase if the up-squark mass splitting or, in particular, the top-squark mass splitting are increased. Thus, the largest asymmetry is obtained ifũ 2 andt 2 are decoupled, which results in vanishing functions A 21 , and A (k) give the largest contributions. They can amount to about ±0.04% and only slowly decrease with increasing neutralino mass, e. g., they are still about ±0.02% for relatively large neutralino masses mχ0 k ≈ 700 GeV.
. In this scenario the bounds of Eq. (24) read:
As stated in Section II B, it is difficult to obtain an analytic expression for bounds on A tt FB,SEW like it was done in case of SUSY QCD-induced asymmetries. We refer therefore to the next section where we perform a comprehensive scan over the relevant MFV-MSSM parameter space to determine the largest possible value of A tt FB induced by both SUSY QCD and SUSY EW one-loop corrections.
B. Bounds on A tt
FB from a MSSM parameter scan
In phenomenological studies of the MSSM the large number of parameters is a common problem. Even if all parameters of the soft MSSM Lagrangian are assumed to be real and all flavor structures are assumed to be proportional to the SM Yukawa matrices (minimal flavor violation) we are left with 30 independent parameters [53] . Numerical discussions of observables within the MSSM are therefore often limited to constrained scenarios, where certain assumptions about the SUSY breaking mechanism are imposed, or even to individual benchmark points which are deemed "representative" in some sense. Here we describe in detail how we performed a comprehensive scan over the relevant parameter space of the complex MFV-MSSM to determine bounds on A tt FB . In the case of A tt FB , we are actually able to scan the full relevant parameter space of the complex MFV-MSSM. This is made possible by the separation of A tt FB into loop functions A a q and products of coupling parameters G a q , which is described in Section II. Calculating the loop functions of Eq. (15) requires a numerical phase space integration and is therefore rather time-consuming. However, the A a q are relatively smooth functions of only four variables (namely, the internal masses m 1 , . . ., m 4 ). The loop functions may therefore be calculated on a four-dimensional "mass-grid" and linear interpolation can be used to obtain A a q for other mass values within the grid range. The remaining computational cost of calculating masses and coupling constants for a given set of MSSM parameters and interpolating the loop functions is extremely small, so that sampling up to one billion (!) MSSM parameter points is perfectly doable on a single core computer. Let us briefly discuss the details of the grid interpolation and the parameter scan. Grid data for the loop functions were generated for masses between 0 and 2 TeV. For masses below 500 GeV the grid spacing was 20 GeV. If one of the masses exceeds 500 GeV the grid spacing was increased to 50 GeV in that direction. If a mass exceeds 1 TeV the grid spacing was increased again to 100 GeV. At each grid point the integrals in Eq. (15) were calculated with the VEGAS algorithm. Specifically, we use the OmniComp-Dvegas package [54] , which facilitates parallelized adaptive Monte Carlo integration and was developed in the context of [55, 56] . A lower cut of 450 GeV on the tt invariant mass was applied throughout. Thus, all the results in this section are for the 'large m tt ' bin. Separate integrations of A a q were done for each value of the superscript a (three for the SUSY QCD contributions and four for the SUSY EW contributions), but the values for different quark flavors q were determined with the same simulation. Adaptation was driven by the u-quark flavor, which always produces the largest value. The relative accuracy of the numerical integration was required to be below 1%. The multivariate linear interpolation was done by successively using one-dimensional linear interpolation in each of the variables. If, during the parameter scan, a certain mass exceeds 2 TeV the loop functions where it enters are assumed to be zero. In doing this, we neglect loop functions of the order of one permille. The discrepancies between the exact and the interpolated values of the loop functions are of the same order. As discussed earlier, the parameter scan is simplified by the fact that A tt FB is not sensitive to all parameters of the complex MFV-MSSM. Our choice of relevant MSSM input parameters is listed in the beginning of Section III. The value of tan β was varied between 1 and 50 and all parameters with mass dimension one were varied between 0 and 3 TeV. The complex phases of µ, M 1 , M 3 and A t were varied between 0 and 2π. For the actual scan we used an adaptive method along the lines of Ref. [57] . The basic idea is the following: Instead of sampling all parameters with a uniform (or otherwise fixed) random distribution, one defines an importance function which quantifies the importance of a given set of parameters. Since we are interested in MSSM parameter points with large effects in A tt FB we used |A tt FB | as importance function. We then used VEGAS to compute the integral of the importance function over all the scan parameters. Adaptation guarantees that the "important" regions of the parameter space are sampled with a higher density. The OmniComp-Dvegas package [54] was used for the parameter scan too. A total of 8 · 10 9 parameter points were sampled. Adaptation was done with 22 iterations. With the data from our scan, we can now show results for upper and lower bounds on A tt FB as a function of any relevant MSSM input parameter. To do this, we simply bin the sample points with respect to that input parameter and determine the maximal and minimal value of A tt FB in each bin. Fig. 7 shows the upper and lower bounds on A tt FB as a function of the gluino mass. Shown separately are the contributions from the uū and dd-initiated tt production channels as well as from SUSY QCD and SUSY EW one-loop corrections, assuming M tt > 450 GeV.
[GeV] The bounds shown in Fig. 7 have been obtained by assuming a lower limit on the top squark masses of m˜t 1,2 > 100 GeV and a mass limit for the other squark flavor masses of mq 1,2 > 300 GeV. For the neutralinos no mass limit was imposed. As discussed earlier, the uū-channel generates the largest contribution to A tt FB due to the large PDF and is roughly a factor of eight larger than contribution from the dd-channel. The SUSY QCD bounds peak around mg ≈ 270 GeV, when the contribution of the resonant gluino pair in the box diagrams coincides with the maximum of the LO M tt distribution. The absolute values of the upper and lower bounds are practically identical because for the applied squark limits the SUSY QCD loop function A (2) q,i j is dominant (see Fig. 4 ), so that the SUSY QCD bound of Eq. (24) is well approximated by −|A (2) | ≤ A tt FB,SQCD ≤ |A (2) |. As shown in Fig. 7 , the bounds on the SUSY EW one-loop corrections to A tt FB are much smaller than the SUSY QCD one-loop corrections, since they are suppressed by the smaller electroweak coupling. Furthermore, the bounds are not as symmetric as in the SUSY QCD case. In general we found the absolute value of the lower bound to be larger than the upper bound. The SUSY EW one-loop corrections to the dd-channel are not shown in Fig. 7 as they are basically zero, being suppressed by both the d-quark PDF and the electroweak coupling. Again, larger SUSY EW loop-induced asymmetries can be obtained when relaxing the constraints on the MSSM parameters. For instance, for sparticle masses below 50 GeV one can obtain A tt FB,SEW = −0.4%. Combining the SUSY QCD and SUSY EW one-loop contributions as well as taking into account all qq-initiated tt production channels, the lower and upper bounds on A tt FB in the complex MFV-MSSM, A min and A max , are shown in Figs. 8 and 9 . In Fig. 8 show the dependence of the bounds A min,max on the lighter stop quark mass m˜t 1 and on m min , which is the lightest other SUSY particle in the loop except for m˜t 2 q,i j is non-negligible and positive as shown in Fig. 4 . In general, one observes that smaller up-squark masses mũ 1 and top squark masses m˜t 1 lead to larger MSSM one-loop contributions to the forward-backward asymmetry. The same is valid for the gluino mass when mg > 250 GeV. For mg < 250 GeV the asymmetry is dominated by the contribution of the resonant gluino pair. Since the SUSY EW one-loop corrections are sub-leading, the asymmetry has a very small dependence on the neutralino mass. Furthermore, the asymmetry is larger for a larger mass splitting of m˜t 1 and m˜t 2 . This is illustrated for the lower bound on A tt FB in Fig. 9 (a) and the upper bound on A tt FB in Fig. 9(b) , where A min,max are shown in dependence of m˜t 2 − m˜t 1 and on m min , which here is the lightest SUSY particle in the loops, i. e. m min = Min{m˜t 1,2 , mg, mχ 1,2,3,4 , mũ 1,2 , md 1,2 }. As can be seen, when the stop masses are degenerate, then even for tiny m min one finds −0.5% < A tt FB < +1%. For a stop mass splitting of m˜t 2 −m˜t 1 = 500 GeV and m min > 300 GeV one can obtain bounds up to |A min,max | = 0.5%. Larger values for the asymmetry are possible when the stop mass splitting is even larger and m min < 300 GeV. A similar behavior, but not as pronounced, can be observed for the up-squark mass splitting mũ 2 − mũ 1 . For the bounds shown in Fig. 9(a) and Fig. 9(b) ,ũ 2 is basically decoupled and mũ 1 ≈ m min . In the case when the two up-squark mass eigenstates are degenerate and mũ ≈ m min > 100 GeV, one can roughly divide the given limits of Fig. 9 by a factor of two to obtain the limits for the case of degenerate up-squark masses mũ 1 = mũ 2 . For mũ ≈ m min < 100 GeV the limits decrease only mildly. As discussed earlier, SUSY searches at the LHC, interpreted in the CMSSM and Simplified Models, impose stringent limits on the masses of squarks and gluinos. An updated summary of the limits obtained by CMS and ATLAS can be found in Refs. [58, 59] . In the following we illustrate the impact of some of these limits on the bounds on A tt FB . For instance, ATLAS SUSY searches in events with jets and missing transverse energy interpreted in the CMSSM find that gluinos and squarks lighter than about 950 GeV [48, 59] are ruled out for mg = mq, while for mq ≫ mg the gluino can be somewhat lighter, i. e. mg > 680 GeV [59, 60] for mq = 2mg ( all limits are at 95% C. L.). Note that these squark mass limits do not apply for the third generation squarks due to slightly different production mechanisms for stops and sbottoms and the different decay pattern of top squarks. As can be seen in Fig. 8 , in this scenario with mg = m min = 680 GeV the upper bound on A tt FB can be at most A max ≈ 0.15% for m˜t 1 < ∼ 200 GeV.
Note that these mass limits depend on the assumptions that go into the extraction of the limits. For instance, when mg ≫ mq the SUSY signal is dominated by squark pair production in the gg →qq channel and thus is proportional to the number of degenerate squarks. The signal cross section drops significantly if all but one squark are decoupled, which weakens the mass limits obtained under assumptions of degenerate squarks. The sensitivity of these SUSY searches also drops when the neutralino mass mχ0 1 is increased. For example, as shown in Ref. [58] the CMS limit on the gluino mass obtained in a Simplified Model decreases from about 850 GeV to 400 GeV, if the neutralino mass is increased from 0 GeV to mg − 200 GeV. In this scenario, the upper bound on A tt FB increases from about 0.1% (m min = 850 GeV) to A max ≈ 0.5% (m min = 400 GeV) for m˜t 1 < ∼ 200 GeV, as shown in Fig. 8 . [62] and mass limits of 300 GeV and 600 GeV are given for (quasi-)stable squarks and gluinos, respectively. Again with smaller squark/gluino mass, the bounds on A tt FB increase in this scenario from about 0.25% (m min = 600 GeV) to almost |A min,max | ≈ 1% (m min = 300 GeV) for m˜t 1 < ∼ 100 GeV, as shown in Fig. 8 .
As illustrated on these examples, since our results for the bounds on the forward-backward asymmetry have been obtained with the only assumption that we work within the MFV-MSSM, the impact of a number of specific scenarios on the upper and lower bounds on A tt FB can be estimated.
IV. CONCLUSIONS
The study of asymmetries in tt production, such as the forward-backward charge asymmetry, parity violating asymmetries in polarized tt production, and spin correlations between the t andt, may provide a window to non-SM physics complementary to direct searches for non-SM particles. A recent measurement of the corrected (parton-level) forward-backward charge asymmetry in tt production at the Tevatron deviates from the SM prediction by about 3σ in the region M tt > 450 GeV. Provided the SM prediction is under good theoretical control, this discrepancy may leave room for an interpretation as a signal of non-SM physics, and a number of non-SM scenarios have been proposed in the literature. In this paper we calculated the SUSY EW and SUSY QCD one-loop corrections to A tt FB within the MFV-MSSM and derived general lower and upper bounds A min , A max on A tt FB at the Tevatron by performing a comprehensive scan over the relevant MSSM parameter space. Since the MSSM one-loop corrections to A tt FB are dominated by SUSY QCD one-loop corrections, these bounds strongly depend on the squark and gluino masses and are much less affected by the neutralino mass. As expected, these loop effects are more pronounced for smaller sparticle masses in the loops and larger stop/squark mass splittings. For very small masses, m˜t 1 < 200 GeV and m min = Min{mg, mũ 1,2 , md 1,2 } < 200 GeV, we find −2% < A tt FB < +3%, which is comparable in size to the SM EW corrections to A tt FB . This is the maximum possible SUSY loop-induced asymmetry that can be obtained within the MFV-MSSM at the Tevatron, with M tt > 450 GeV. It is important to emphasize that apart from working within the MFV-MSSM, no additional assumptions or constraints have been imposed in our derivation of the bounds on A tt FB and that from the general bounds presented in this paper an estimate can be obtained of how they change when assuming a specific SUSY scenario. For example, to illustrate the impact of squark and gluino mass limits obtained within the CMSSM at the LHC, we obtain from the results presented in Fig. 8 that for gluino and squark masses in the range 850 GeV-1000 GeV, A max ≈ 0.1% for a light top squark of m˜t 1 = 200 GeV and m min = 850 GeV, and A max ≈ 0.05% for m˜t 1 = 600 GeV and m min = 1 TeV.
The complex phase of the gluino mass M 3 is denoted by φ . The couplings are related bŷ The unitary squark mixing matrices are given as 
For the squark mass and mixing matrices we use the conventions of Ref. [39] .
B. Neutralino-squark-quark couplings
For the neutralino-squark-quark couplings, we again follow the notation of Ref. [39] , where explicit expressions for these couplings can be found. For completeness, since the uū-channel is the dominant tt production process, we provide here the neutralino-up-quarksquark coupling, which reads with the restriction m u = 0 GeV [39] : , g
The neutralino mass matrices in the used convention have been taken from Ref. [63] .
C. Analytic Expressions for the one-loop functions D a
The partonic differential cross section dσ (a,b) d cos θ for the direct box diagrams of Fig. 1 (a) and crossed box of Fig. 1(b) are given in Eq. (8) and Eq. (10), respectively, in terms of coupling parameters and loop functions D a . Neglecting the initial-state quark masses and using the mass assignments of Fig. 1, the functions D a (ŝ, cos θ ) 
